Sr ratios for some highly U-enriched geothermal waters in the Yuseong spa area of the Daejeon granite region. Although they suggested the possibility of reactions between these waters and the surrounding granitoids (two-mica granite and quartz porphyry), they didn't discuss the origin of the U-enriched groundwater. Choo (2002) reported the common presence of dissolution cavities or dissolved textures in accessory minerals of Daebo granites and the possibility of U dissolution into the groundwater from the granite wall rock. There has been controversy, however, about the role of accessory minerals in the origin of U in granite. Ryu et al. (2005) also suggested that limestone in addition to granite could be the origin of dissolved U in the Daejeon area. Thus, the origin of U in Korean groundwater has been a controversial subject among several researchers. It is also necessary to investigate the impact of U ores on the creation of U-enriched groundwater because the low-grade U-mineralized zones are broadly distributed across the Ogcheon metamorphic belt near Daejeon.
The objective of this study was to elucidate the origin of the highly U-enriched groundwater occurring in the Daejeon granite region, which is located near the Ogcheon U-mineralized zone in Korea. For this purpose, we compared the in situ water quality and chemical composition of U-enriched and U-deficient groundwater and examined the specific geochemical conditions appropriate for the development of U-enriched groundwater. In addition, we conducted thermodynamic modeling to evaluate the role of U aqueous speciation in determining the total U concentrations in groundwater. We also examined the environmental isotopic compositions such as C, S, and Sr to identify the origin of such materials dissolved in the groundwater. We then tried to determine whether the U component in Korean groundwater originated from a waterrock reaction with granite only or could be genetically related to the dissolution of U ores present in the Ogcheon belt.
General Geology and Uranium Contents
The study area included Goesan, Boeun, Daejeon, and Geumsan, where Ogcheon metasedimentary rocks are widely distributed (Fig.  1) . The Ogcheon meta-sedimentary rocks, well known as the Ogcheon Supergroup, are governed by thrust faults and folds, and their geologic strata occur repeatedly. The northwest and southeast borders of the Ogcheon Supergroup are surrounded by Jurassic granitoids. Especially near Daejeon, the Ogcheon Supergroup was remarkably intruded by Jurassic granite. Several Cretaceous granitic dykes occur inside the Jurassic granite mass. The Jurassic granitoids have three rock facies including schistose granite, biotite granite, and two-mica granite (Park et al., 1977; Lee et al., 1980) . The Cretaceous granitic dykes or stocks occur in south-north directions, with typical shallow intrusion features such as micrographic and drusy structures. These Cretaceous granitoids include pink feldspar granite, granophyre, and quartz porphyry.
The Ogcheon Supergroup was divided into four zones by Lee et al. (1996) (Fig. 1) : a meta-arenaceous rock zone (Og1), a lower phyllite zone (Og2), a pebble-bearing phyllite zone (Og3), and an upper phyllite zone (Og4). The graphite-rich black slate interbedded between the Guryongsan and Chang-ri Formations in Og2 has coal-like materials and a U-mineralized zone. This U-mineralized zone has low-grade ore bodies with a U 3 O 8 content of 400 mg/kg or less scattered across the Ogcheon belt including the Goesan, Boeun, and Daejeon areas. The coal-like, graphite-rich slate was deposited in a near-shore sedimentary basin environment (Lee et al., 1986 ). Chi et al. (2005) reported U contents for 507 rocks and 251 groundwater samples collected in a 5100-km 2 portion of the Ogcheon Belt. The average U contents in the rock samples were relatively high: 35.8 mg/kg in coaly slate, 5.1 mg/kg in slate, 3.1 mg/kg in phyllite, 2.1 mg/kg in limestone, 3.9 mg/kg in meta-arenaceous rocks, and 3.7 mg/kg in granite. In contrast, groundwater in these rocks showed very low U concentrations, <10 mg/L (Hwang, 2010) . Meanwhile, the National Environmental Protection Institute and Korea Institute of Geoscience and Mineral Resources (2002) compiled all data for U concentrations in groundwater collected from 1999 to 2002 in South Korea and summarized the comprehensive U concentrations in groundwater with reference to rock types as follows: 0.01 to 402 mg/L (average 10.5 mg/L) in plutonic rock, 0.01 to 25.1 mg/L (average 0.78 mg/L) in sedimentary rock, 0.01 to 7.29 mg/L (average 0.52 mg/L) in metamorphic rock, 0.01 to 7.18 mg/L (average 0.58 mg/L) in meta-sedimentary rock of the Ogcheon Belt, and 0.01 to 0.29 mg/L (average 0.06 mg/L) in Jeju volcanic rock. Although there are lots of U data for rocks and groundwater samples as above, none of the previous works provided any implication for the origin of the dissolved U or an understanding of the geologic and geochemical environment for developing U-enriched groundwater. 
Materials and Methods

Water Sampling and Field Measurement
To compare the geochemical features of U-enriched and U-deficient groundwater, several field parameters including the pH, oxidation-reduction potential (Eh), electrical conductivity (EC), and dissolved O 2 (DO) were measured in the field. We used a WTW Multi 350i and a Hach HQ40d for measuring the ECEh and pH-DO values, respectively. The pH meter was calibrated with pH 4.01, 7, and 10.01 standards, and the EC was calibrated by a standard solution with 1413 mS/cm. The Eh meter was calibrated by WTW RH28 calibrating solution within a temperature range between 10 and 50°C. The DO meter was calibrated according to the user manual for HQ series portable meters. For chemical and isotopic analyses, 27 groundwater and two other water samples (mine drainage and quarry pool water) were collected in the Ogcheon meta-sedimentary region (hereafter referred to as the Ogcheon sedimentary region) around Goesan, Boeun, Daejeon, and Geumsan (Fig. 1) . In the granite region in and around Daejeon (hereafter referred to as the granite region), 10 groundwater samples were collected. Field sampling campaigns were conducted from July to September in 2009. Before the groundwater samples were collected, the wells were pumped for about 30 min until a stable temperature and EC were established. The suspended materials were removed using a vacuum pump and 0.45-mm cellulose membrane filters. Samples for analysis of cations, anions, and the Sr component were each collected in 60-mL polyethylene containers. Nitric acid was added to the samples for cation and Sr analyses. Water samples for the analysis of C and S isotopic compositions were each collected in 1-L polyethylene containers. All samples were stored in a refrigerator until analysis. Detailed pH and Eh data are provided in Supplemental Table S1 .
Laboratory Analyses
Chemical and isotopic analyses of the water samples were performed at the Korea Basic Science Institute. The detailed raw data are provided in Supplemental Tables S1 and S2. The major components were analyzed by inductively coupled plasma atomic emission spectroscopy (138 Ultrace), while trace elements were analyzed by inductively coupled plasma-mass spectrometer (Elan 6100, PerkinElmer). Anions were analyzed by ion chromatography (Dionex DX-500). The HCO 3 − contents were calculated from alkalinity measured by the Gran titration method (Stumm and Morgan, 1981) .
The water samples for C isotopic analyses were alkalized to pH 11 or above. Carbonate elements were then precipitated as BaCO 3 using BaCl 2 . The precipitates were dried under ambient conditions in a laboratory and reacted with 100% H 3 PO 4 at 25°C for 24 h, and the CO 2 gas was collected (Swart et al., 1991) . The water samples for S isotopic analyses were adjusted below pH 4 using HCl. Sulfate was precipitated as BaSO 4 by adding BaCl 2 . After preparation of pure SO 2 gas from BaSO 4 using the method of Yanagisawa and Sakai (1983) , S isotopes were analyzed. For analysis of the S isotopes in pyrites occurring in the Ogcheon Supergroup, SO 2 gas was produced by reaction in a mixture of S 2− and CuO at 1000°C for about 15 min. Pure SO 2 gas was then separated from the mixed gases by using its freezing point. Carbon and S isotopes were analyzed using a stable isotope mass spectrometer (Prism II model, VG Isotech). The standard for C and S isotopes used Pee Dee belemnite and Canon Diablo troilite, respectively, and their isotopic compositions were reported using delta (d) notation expressed as the general formula
where R is the ratio of the heavy to light isotopes and R x and R s are the ratios in the sample and standard, respectively. Strontium isotopes were analyzed using a thermal ionization mass spectrometer Sr ratio for the NIST 987 standard sample is 0.710241 ± 0.000003 (n = 30, 2s) with a lower value of 30 pg or less.
Thermodynamic Modeling
Thermodynamic modeling of U aqueous speciation in groundwater samples was conducted using Visual MINTEQ (version 3.0; Gustafsson, 2005) with its built-in thermodynamic databases for the U-containing groundwater samples from the granite terrain. Previously reported groundwater composition data were also used in the modeling for comparison ( Jeong, 2003; Kim et al., 2000) .
Results and Discussion
Field Parameters
The measured field parameters for groundwater are illustrated in box-whisker diagrams (Fig. 2) . The groundwater of the granite region was weakly acidic to neutral, with pH ranging from 6.1 to 7.4 (average = 6.7, standard deviation s = 0.38). In the Ogcheon sedimentary region, groundwater was neutral to weakly alkaline, with pH from 6.4 to 8.2 (average = 7.3, s = 0.47). The Eh in the granite and Ogcheon sedimentary regions was 202 to 505 mV (average = 290 mV, s = 95.5 mV) and −50 to 565 mV (average = 102 mV, s = 133.9 m), respectively, which revealed that the granite aquifers were mostly subject to oxidizing conditions compared with the Ogcheon sedimentary aquifers. The EC of the granite and Ogcheon sedimentary regions was 186 to 425 mS/cm (average = 276 mS/cm, s = 79.4 mS/cm) and 76 to 370 mS/cm (average = 248 mS/cm, s = 82.2 mS/cm), respectively. The DO of the granite and Ogcheon sedimentary regions was 1.5 to 8.1 mg/L (average = 4.7 mg/L, s = 1.9 mg/L) and 1.5 to 7.5 mg/L (average = 5.1 mg/L, s = 1.5 mg/L), respectively.
The field parameters of mine drainage water (Sample 1-4 in Fig. 1 ) from a coal mine and wastewater (Sample 6-6 in Fig. 1 ) in a quarry pool (hereafter referred to as quarry water) were also measured to compare with those of the groundwater. The EC of the mine drainage water and quarry water was 2456 and 2436 mS/cm, respectively. The EC of the mine drainage water and quarry water was much higher than the EC of the groundwater. The pH (7.6) of the mine drainage was very similar to the Ogcheon sedimentary regions, while the pH of the quarry water was very low and acidic (pH = 3.3) compared with the granite and Ogcheon sedimentary regions.
Major and Trace Elements
The concentrations of major elements in the groundwater are shown in Fig. 3 . The concentrations of most cations and HCO 3 − varied widely in the Ogcheon sedimentary region, possibly due to their diverse rock facies. Medians except some outliers showed relatively high Na + concentrations in the granite region and slightly high Ca 2+ concentrations in the Ogcheon region. Unlike the groundwater, the mine drainage and quarry water had very high concentrations of Ca 2+ (401-409 mg/L) and Mg 2+ (59.4-322 mg/L).
The SO 4 2− concentrations in the groundwater of the Ogcheon sedimentary region (9.17-30.8 mg/L) were slightly higher than those of the granite region (3.30-25.4 mg/L). One sample (4-1 in Fig. 1 ) in the Ogcheon sedimentary region had abnormally high SO 4 2− (622 mg/L) and NO 3 − concentrations (977 mg/L), indicating a strong possibility of surface pollution. The NO 3 − concentrations, except for this one polluted groundwater sample, were lower than the Korean drinking water standard of 45 mg/L. Samples from the downtown Daejeon granite region were rather higher in NO 3 − than those from the rural and agricultural Ogcheon sedimentary region, which can be related to contamination by various anthropogenic factors. The SO 4 2− concentrations in the mine drainage (1330 mg/L) and quarry water (267 mg/L) were extremely high; however, their NO 3 − concentrations were very low (0.27-0.46 mg/L), indicating little or no impact from anthropogenic pollution. The Cl − concentrations were generally <2 mg/L in both areas.
Most groundwater had low levels of trace elements. The polluted groundwater (4-1 in Fig. 1 , Fe, Pb, Zn, Cu, Ni, and Al; however, the acidic quarry water had extremely high levels of heavy metals including Fe, Pb, Zn, Cu, Ni, and Al. The neutral mine drainage also had high concentrations of Fe, Zn, and Ni, although those levels were considerably lower than those of the quarry water. The mine drainage had far lower concentrations of Pb, Cu, and Al but considerably higher concentrations of Mg 2+ , Sr, Mo, and U than the quarry water. The U concentrations of the mine drainage and quarry water were 1165 and 35.1 mg/L, respectively. The U concentrations of the groundwater in the granite region were very high (up to 111 mg/L), while those in the Ogcheon sedimentary region were very low (£3.2 mg/L).
Composition of Environmental Isotopes
Carbon Isotopes
The total d (Hoefs, 1997; Schofield and Jankowski, 1998) . The mine drainage had an inorganic C isotopic composition (d 13 C = −5.7‰). The Ogcheon Supergroup has a variety of C-containing materials. The graphite-rich slate has sufficient organic C, and limestone consists mainly of inorganic carbonate materials such as calcite (CaCO 3 ). The d 13 C of limestone and U-mineralized sedimentary rocks in the Ogcheon belt has been reported to be −3.8 to 0 and −26.1 to −15.2‰, respectively (Kim, 1986) . Therefore, the d 13 C of groundwater in this region (−16.4 to −8.1‰) can be simply explained by the mixing effect of groundwater reacting with those rocks (Fig. 4) . In the granite region, the groundwater had d
13
C values ranging from −18.1 to −15.4‰, characteristic of organic C and soil CO 2 (Fig. 4) . If groundwater C originated from igneous carbonate minerals, the d 13 C would become progressively higher with increasing Ca 2+ concentrations in the groundwater; however, there was no positive relation between them in this region (Fig.  5) . Furthermore, the samples with high Ca 2+ concentrations but low C isotopic compositions (d 13 C = −23.4 to −18.1‰) were collected from shallow wells in the Yuseong spa area, located in the Daejeon granite region . These results infer that the aquifers in the granite region had been well connected to the surface oxidized conditions, and the major origin of groundwater C in the granite region might be organic materials in the surface soil. (Thode, 1991; Hem, 1992; Grasby et al., 1997) . Lithospheric SO 4 2− can originate from S 2− oxidation, SO 4 2− dissolution, and organic matter within rocks. In (Smith and Batts, 1974; Holmes and Brownfield, 1992) . 2− contents. Therefore, the SO 4 2− in the groundwater of the granite region was mainly supplied from atmospheric SO 4 2− and was slightly influenced by SO 4 2− reduction or pyrite dissolution. Also, plotting 1/SO 4 2− vs. the d
Sulfur Isotopes
this study area, d 34 S ranged from −13.4 to 9.1‰. The groundwater in the granite region had limited d 34 S between 0.1 and 7.5‰. The d 34 S of the mine drainage, quarry water, and
34
S yields a triangular pattern for the groundwater in the granite region (Fig. 6b) . These results mean that atmospheric SO 4 2− is the major source, but various minor sources are distributed in the study area. Considering the mixed land uses (both urban and rural environments) and irregularity for meteorological phenomena (variable precipitation frequency and intensity) in the Daejeon area (Moon et al., 2007) 
2− are the major sources of groundwater sulfates in the granite region. This implies that the aquifer in the granite region could easily have been exposed to surface oxidizing conditions.
In 2008; Taylor et al., 1984) , even the highest d 34 S (6.1-9.1‰) of groundwater seems to be very low compared with the d 34 S (12.0-17.8‰) of pyrite (Fig. 6d) (Lee et al., unpublished data, 1983; Lee et al., 1986; Kim, 1986) . The neutral mine drainage had a very high SO 4 2− concentration (1330 mg/L) but its S isotopic composition stayed at an intermediate level (d 34 S = 0.1‰). Unlike the quarry water, the low Fe level in the mine drainage implies that the leachate was not acidified. As a result (pH = 7.6), the dissolution of oxide minerals has not been accelerated. Nevertheless, the concentrations of Ca 2+ , Mg 2+ , U, Sr, and Mo components in the mine drainage were very high due to selective leaching. There was a big difference in the S isotopic composition between the acidic quarry water and neutral mine drainage. This might be due to differences in parental mineral constituents or the main process of selective leaching out or strong dissolution of sulfides.
Consequently, a large production of pyrites didn't make an important contribution to the creation of the dissolved sulfates. The major source of groundwater SO 4 2− is interpreted to be atmospheric or pedospheric SO 4 2− ; however, some relevant processes such as active dissolution, selective leaching out, and contamination were involved in increasing the SO 4 2− concentrations in the quarry water, mine drainage, and contaminated groundwater, respectively. These lithospheric and anthropogenic processes greatly increased the dissolved SO 4 2− concentrations but depleted the d 34 S of groundwater in this region. Sr ratios have been widely used to study the origin of dissolved materials in groundwater (Aberg et al., 1990; Drever, 1997; Gosselin et al., 2004) .
Strontium Isotopes
In the Ogcheon sedimentary region, the 87 Sr/
86
Sr ratios in groundwater ranged from 0.7112 to 0.7620. These broad Sr isotopic ratios might result from intrinsic diverse Sr isotopic compositions, an open system for Sr components in the aquifer, or a combination of these. According to the plotted pattern for Ca contents vs. 87 Sr/
Sr ratios (Fig. 7a) , the groundwater in the Ogcheon sedimentary region is classified into two groups. In the first group, the range in Ca concentrations (35-65 mg/L) is somewhat large but the of the black shale in the Ogcheon U-mineralized zone (Park and Cheong, 1998) (Yi et al., 2000) , reaction with limestone had an influence on the first group while reaction with other sedimentary rocks such as shale and slate had an influence on the second group. The 87 Sr/ 86 Sr ratio in the polluted groundwater (Sample no. 4-1) was 0.7315, which is characteristic of the second group.
In the granite region, the 87 Sr/
Sr ratios in most groundwater ranged from 0.7111 to 0.7201 (Fig. 7b) . The reasons for the consistent 87 Sr/ 86 Sr ratios are that the parent rock is not diverse and the aquifer has remained a closed system. Figure 7b shows Sr ratios, similar to those of two-mica granite and quartz porphyry , supports the lithogenetic Sr origin in groundwater from its parent rock, granitoids.
Physicochemical Conditions for Uranium-Enriched Groundwater
The oxidized condition in the granite region can be related to the presence of several Cretaceous dykes (Fig. 1) . In general, dyke swarms are developed in extensional environments that can make room for meteoric water circulation. Figure 8 shows a U bubble diagram of pH-Eh relations. The pH and Eh values suitable for U-enriched groundwater can be delineated by the ranges between 6.2 and 8.2 and between 23.4 and 385 mV, respectively. In this diagram, Eh generally decreases as pH increases, and vice versa, in ways that maintain good conditions for enriching the U content of groundwater. The remarkably high amounts of U (463-1165 mg/L) among our samples were dissolved into natural water under specific conditions: pH 7.5 to 8.2 and Eh of 196 to 242 mV. The acidic (pH = 3.3) quarry water had a much lower U content (35.1 mg/L) due to its strong acidity, in spite of its surface environment. Most U-deficient groundwater in the Ogcheon sedimentary region showed relatively low Eh values.
Equilibrium U thermodynamic modeling is plotted in Fig.  9 . Figure 9a shows the pC (−log concentration) of each U(VI) aqueous species in Sample no. 2-1 with the highest dissolved U (111.04 mg/L) among the granite terrain groundwater samples. The dominant U(VI) aqueous species are Ca 2 UO 2 (CO 3 ) 3(aq) and CaUO 2 (CO 3 ) 3 2− , with minor UO 2 (CO 3 ) 2 2− , UO 2 CO 3(aq) , and UO 2 (CO 3 ) 3 4− species. The relative abundance of each U aqueous species is plotted as a cumulative bar for each groundwater sample (Fig. 9b) . The data are grouped into six categories according to the total dissolved U concentration: I (?110 mg/L), II (?50 mg/L), III (?30 mg/L), IV (?10 mg/L), V (?4 mg/L), and VI (unusually high concentrations; 1165, 463, and 161 mg/L). The first bar of each group is the sample from this study. In all the samples, Ca 2 UO 2 (CO 3 ) 3(aq) and CaUO 2 (CO 3 ) 3 2− are the major U(VI) species, the sum of the two constituting from 70% up to >99% of the total U in groundwater. These species are less favorable for sorption by mineral surfaces due to their filled coordination, compared with free uranyl and its hydrolysis complexes. So far the existence of such surface species has not been confirmed by spectroscopic methods such as x-ray absorption spectroscopy, supporting the stability of the Ca-U(VI)-carbonato complexes in groundwater rather than on mineral surfaces. The Eh values are high enough to make U(IV) species negligible in the groundwater samples. In addition, the solubility of known U(IV) solid phases is too low to appreciably contribute to the total dissolved U concentration. Some samples in Group IV (Samples JS17 and JY10 in Fig. 9b) ], up to 30% of the total U. The plot does not show any direct correlation of the U(VI) aqueous speciation with the total dissolved U concentration or the locality of the samples. The thermodynamic modeling highlights the importance of dissolved Ca 2+ and (bi)carbonate in U geochemistry. As constituents of the major U(VI) aqueous species, the Ca-U(VI)-carbonato soluble complexes, they determine the U(VI) aqueous speciation in the groundwater samples. Together with pH, it is likely that they also play an important role in determining the total dissolved U concentration, with their presence being a driving force for solid-bound U to be released to groundwater to form the stable Ca-U(VI)-carbonato soluble complexes. Figure 10 shows the variations in d Sr ratios. The reason for this isotopic homogeneity is the monogenic source of each component. Major sources of groundwater C and S in the granite region are interpreted to be pedospheric and atmospheric, respectively. The only source of dissolved Sr was lithogenic from granitoids. In terms of U, Li, and Sr contents, positive correlations among U, Li, and Sr contents can be observed (see Supplementary Fig. S1 ). Considering the similarities in geochemical behavior among them, these positive correlations can imply that U, Li, and Sr components have identical lithogenic origins. Considering the positive correlation between U and Sr contents, U can be interpreted to have originated from the same lithogenic source.
Even though highly enriched U contents were observed in a large number of the groundwater samples in the granite region, too much variation in dissolved U contents was also observed according to the location of granite aquifers. The considerable variation in dissolved U contents could be caused by subtle differences in geochemical conditions such as pH and Eh; however, the possibility of heterogeneity in U contents within the granite mass itself can also be considered.
The geology in the study area can be divided into three types ( Fig. 1): sedimentary layers in the Ogcheon Belt, Jurassic granites, and Cretaceous granitic dykes. The lower phyllite zone (Og2 layer) of the Ogcheon Belt especially has low-grade mineralized U. Figure 11 is a bubble diagram of U contents in groundwater, illustrated with regional geology. As shown in Fig. 11 , U concentrations in the groundwater were always low in the U-mineralized zone and also in nearby sedimentary rock areas throughout the Ogcheon Belt. This means that there is no meaningful relationship between U enrichment in the groundwater and the existence of the U-mineralized zone. The highly enriched U groundwater was limited to the vicinity of Daejeon, where the Og2 layer has been intruded by granitic melts and where a great portion of the Og2 layer has been lost. There is a high probability that a large amount of U in the mineralized zone was introduced and assimilated into the granitic melts during the Mesozoic. It is also very likely that the assimilated U was then included in the accessory minerals or crystallized into U-bearing minerals during solidification of the granitic melts. Therefore, U components in the granite mass near Daejeon largely originated from the Ogcheon U-mineralized zone. Although Choo (2002) reported a U-dissolved hollow texture in the accessory minerals of Jurassic Daebo granites, no primary U-bearing minerals have been found in that granite body yet. From the perspective that a great amount of U in the Og2 layer may have been introduced and assimilated into the granite near Daejeon, a systematic study of the U contents in the granite body itself needs to be conducted in the future. In addition, it is necessary to determine the primary U-bearing minerals in the granite body near Daejeon.
Conclusions
We examined the origin of elevated groundwater U concentrations in the Daejeon granite region and compared several geochemical and isotopic differences between U-deficient and U-enriched groundwater. The following were concluded from this study:
1. In the granite region, the aquifer contained several U-enriched groundwater samples. Based on field studies and correlations with groundwater characterization data, the primary factor for elevated U concentrations in this groundwater was pH and Eh. The U-enriched groundwater was neutral or weakly alkaline, with a pH between 6.19 and 8.17, and the aquifer had an Eh between 23.4 and 385 mV. The oxidized condition of the granite aquifer could be the result of a good connection with the surface environment, which is supported by the results of C and S isotopic studies. 2. The groundwater in the granite region has a wide range of U contents but very limited d Sr ratios had very broad ranges. Most of the C and Sr in the groundwater are lithospheric in origin. The wideranging isotopic compositions were the result of the diverse rock types within the Ogcheon Supergroup. 4. All the groundwater in the Ogcheon sedimentary region had very low U contents. Such deficiency in dissolved U, in spite of the common existence of a U-mineralized zone in this region, must be related to the geochemical environment. Therefore, there is no genetic relationship between the creation of U-enriched groundwater and the presence of U ores in the Ogcheon U-mineralized zone. 5. The second important factor for elevated groundwater U concentrations in granite aquifer should be related to the parent rock composition. The considerable variation in dissolved U contents might be due to local differences in U contents in the granite body itself. The highly enriched U groundwater was found only in special places where the Ogcheon U-mineralized zone had been lost by granite intrusion. This means that low-grade U in the Ogcheon Belt must have been assimilated and introduced into the granitic body during the Mesozoic. The common occurrence of highly enriched U groundwater in the Daejeon granite region could have been caused by a water-rock reaction of groundwater with this granite body. 6. The thermodynamic modeling highlights the importance of dissolved Ca 2+ and (bi)carbonate in U geochemistry. The Ca-U(VI)-carbonato soluble complexes determine the U(VI) aqueous speciation in the groundwater samples. Together with pH and Eh, it is likely that they also play an important role in determining the total dissolved U concentration, with their presence being a driving force for solid-bound U to be released to groundwater to form stable Ca-U(VI)-carbonato soluble complexes. 
